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Abstract 
We constructed an ultra-low field (ULF) nuclear magnetic resonance (NMR) / magnetic resonance imaging (MRI) system with a
high temperature superconductor (HTS) radio-frequency (rf) superconducting quantum interference device (SQUID) coupled with a 
LC circuit inside a cryostat filled with liquid nitrogen. Several LC resonant circuits with 139 to 1500 turns coils made from copper 
wires of 0.2, 0.4, and 0.6 mm in diameter were tested to obtain the optimum configuration for the circuit. For each coil, a 
capacitance was selected to fix the resonance frequency at around 10 kHz. The LC resonant circuit using a 500 turns coil made 
from 0.2 mm diameter wire offered the largest signal-to-noise ratio (S/N) of 11.9 with a quality factor of 53.3 at 10.2 kHz and 77 K. 
With this circuit, the S/N of free induction decay (FID) signals was tested using the ULF SQUID-NMR/MRI system. 
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1. Introduction 
Nuclear magnetic resonance (NMR) and magnetic resonance imaging (MRI) are spectroscopic techniques widely 
used in chemistry and medicine to obtain microscopic chemical and physical information on molecules in a static 
magnetic field of 1.5 to 20 T. In recent years, the researchers started to study NMR/MRI in ultra-low field (ULF) using 
superconducting quantum interference devices (SQUIDs) [1-3]. The ultra-low field NMR/MRI has several advantages 
compared to the conventional high field MRI, such as moderate demand on field homogeneity, the possibility to 
perform imaging in the presence of metals [4] and enhanced T1-contrast which allows one to discriminate different 
types of tissues [5].   
In both NMR and MRI, higher magnetic fields are required to improve signal-to-noise (S/N) by increasing sample 
polarization and Larmor frequencies. Otherwise, in ULF NMR/MRI especially using high temperature superconductor 
(HTS) SQUIDs, the difficulties of detecting NMR/MRI signals in ULF are primarily due to the decreased spin 
polarization, and secondary due to the higher noise level than that of LTS-SQUIDs, which are more commonly used. 
In order to enhance the spin polarization, researchers have used stronger pre-polarization fields by means of 
electromagnets [6] or permanent magnets. In order to reduce the noise level in low frequency range, they have 
introduced tuned or unturned normal conducting flux transformers or LC resonant circuits that are inductively coupled 
to HTS-SQUIDs and located in liquid nitrogen bath [7, 8]. 
In this paper, we introduced a permanent magnet and a 77K LC resonant circuit to improve S/N of NMR signals 
measured by the ULF NMR/MRI system using a HTS-rf-SQUID, which we have developed so far [3, 9]. A permanent 
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magnet of 0.27 T was used to pre-polarize a water sample. Since MRI signals at 1 to 10 kHz have been measured with 
a bandwidth of about several tens to a few hundreds Hz in the ULF MRI measurements, we tried to optimize the 
parameters of the LC resonant circuit such as coil inductance L, resistance R, and capacitance C to meet the 
measurement conditions by changing the diameters of copper wires and turn numbers of the coils. The performance of 
the LC resonant circuit was evaluated by coupling the circuit with the HTS-rf-SQUID. We set up the ULF SQUID-
NMR/MRI system with the permanent magnet and the LC resonant circuit, and tried to measure NMR signals from the 
water sample with improved S/N.   
2. Principle
The principle constitution of the LC resonant circuit coupled to a HTS-rf-SQUID is shown in Fig.1 (a). The HTS-
rf-SQUID is located in the center of the LC resonance circuit coil in liquid nitrogen. We assume an LC circuit with 
resonant angular frequency Ȧ is exposed to an external ac magnetic field Bexexp(jȦt). The magnetic flux ĭex=NS 
Bexexp(jȦt) couples with the coil. It induces an electric potential V=-dĭex /dt=-jȦNSBex.exp(jȦt) across the coil. If the 
circuit is resonant, the current flowing in the LC circuit can be written as 
                                       ex ex
j t j tj NSB e jQNSB eI
R L
Z ZZ                                                               (1) 
where Q=ȦL/R is the quality factor of the LC circuit, and L, R, N, S are the inductance, resistance, number of turns and 
area of the coil, respectively. If Ms is the mutual inductance between the LC circuit and the SQUID, the resonant 
current I generates a magnetic flux ĭs=IMs coupled to the SQUID. According to the equation (1), reduction of R 
increases the maximum resonant current I. The magnetic flux ĭs is proportional to Q. The quality factor Q, which 
determines the frequency bandwidth (ǻf = f0/Q), determined by R and L. Therefore, we made several coils for the LC 
resonant circuit with various wire diameters and turn numbers, and tested them in liquid nitrogen bath to reduce the 
resistances and change the inductances of the coils, in order to obtain the maximum S/N and required Q value. 
 
 
 
 
 
 
 
 
 
                                                                                                          
3. Experiments and Results 
3.1. SQUID signal with LC resonant circuit  
In the constitution of the experiment shown in Fig.1 (b), a sine magnetic signal Bex of 40 pT generated from the 
exciting coil was amplified by the LC resonant circuit, and then detected by the SQUID. The frequency of the 
magnetic signal was varied around the resonance frequency of the LC resonant circuit to measure the half-width of the 
resonance for calculation of the Q value. We measured the output of the SQUID with or without the LC resonant 
circuit. In order to find the optimal configuration of the LC circuit, several LC resonant circuits with 139 to 1500 turns 
coils of 0.2 mm, 0.4 mm and 0.6 mm diameter copper wire were applied. The experiment results with 500 turns coil of 
0.2 mm diameter wire are shown in Fig. 2 (a). We defined SLC, Sw/o-LC NLC and Nw/o-LC as the magnitudes of the output 
signals and noise levels of the SQUID with or without the LC resonant circuit, respectively as shown in Fig. 2 (a). We 
also defined the signal gain GS=SLC /Sw/o-LC, the noise gain GN=NLC/Nw/o-LC and signal-to-noise ratio (S/N)=GS/GN. The 
noise gain GN slightly increased with the decrease of the wire diameter as shown in Fig. 2 (b), because the averaged 
coil diameter became smaller with the thinner wire, leading to increase of the Johnson magnetic noise coupled to the 
SQUID [10]. The signal gain GS decreased with the number of turns due to the skin effect and proximity effect in 
I0.4 mm and I 0.6 mm wire coils. The proximity effect can be explained as follows: in a coil, the current density is 
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Fig.1. The constitution of 
the LC resonant circuit (a) 
principle constitution; (b) 
experimental setup using 
LC resonant circuit coupled 
to a HTS-rf-SQUID in 
liquid nitrogen. 
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not uniform through the wire cross-section in many close wires, due to the magnetic induction by the other wires 
nearby. The largest S/N of 11.9 was obtained by the LC resonant circuit with 500 turns coil of 0.2 mm diameter wire. 
The inductance and resistance of the coil were measured as 6 mH and 22.6 :at 77 K and 10 kHz by LCR meter. 
Because the current skin depth at 10.2 kHz in copper at 77 K is about 0.26 mm, it is estimated that the attenuation of 
flowing current in the wire due to the skin effect, i.e., the increase of the AC resistance of the wire should not be so 
large [11]. In addition, the proximity effect should also be small in the case of the small turn number of the coil. The 
quality factor Q and the half width of the circuit were 53.3 and 191 Hz, respectively. 
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3.2. ULF SQUID-NMR/MRI with LC resonant circuit  
The ULF SQUID-NMR/MRI system constructed for this study is shown in Fig. 3. The system consists of the HTS-
rf-SQUID located in the center of the LC resonance circuit with the coil with 0.2 mm diameter wire and 500 turns at 
the bottom of a cryostat filled with liquid nitrogen, a Helmholtz-type measurement coil, an AC pulse coil (BAC), three 
field gradient coils, a delay pulse generator, function generators, current sources, and a spectrum analyzer. All of the 
coils used in the system were room temperature coils. A permanent magnet of 0.27 T was used to magnetize a water 
sample for several seconds as a polarizing field Bp. A mechanism to move the sample from the magnet to under the 
SQUID in less than one second through a polyvinylchloride (PVC) pipe by nitrogen gas pressure was introduced into 
the system. The measurement coil generated a measurement field Bm of about 239 ȝT in the z-direction, which induces 
the precession of 1H at the Lamor frequency of 10.2 kHz. The SQUID measured the Bx component, which was 
perpendicular to both Bm and Bp. The liftoff between the SQUID and the sample was about 9 mm. In NMR/MRI 
measurements, Bm was always applied around the SQUID. After magnetization of the sample in the permanent magnet 
for more than 5 s, the water sample was transferred from the magnet to under the SQUID in about 0.5 s. After 0.5 s 
from the arrival under the SQUID, a ʌ/2 pulse (BAC) was applied to the sample from the AC pulse coil, and then a FID 
signal generated from the sample was measured by the SQUID. The delay pulse generator controlled the timings of the 
switching of the instruments. The spectrum analyzer was used to record measurement data in the frequency domain as 
shown in Fig. 4. The case without the sample was shown in Fig. 4 (a), the noise near the resonance frequency became 
larger with the LC resonant circuit even without the sample, because the LC resonant circuit not only enlarges the 
signal but also the noise near the resonance frequency. The NMR signal without the resonant circuit was detected by 
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the system as shown in Fig. 4 (b), and that with the resonant circuit was shown in Fig. 4 (c). In comparison with the 
result without LC resonant circuit, we found that the signal gain GS=SLC /Sw/o-LC  is 5.1, the noise gain GN=NLC/Nw/o-LC 
is 3.1 and the S/N=GS/GN is 1.6 from the results shown in Fig. 4 (c). The S/N of the NMR signal was about 1/7 smaller 
than the result in the above-mentioned measurement of the external signal measured by the SQUID coupled with the 
LC resonant circuit shown in Fig. 2 (a). The reason is probably that an additionally resonant current should be induced 
in the LC circuit due to the coupling of BAC pulses, and the current might rotate the polarization moment in addition to 
the AC pulse, resulting in weakening the MRI signals. The solution for this problem is under consideration. 
 
 
 
 
 
 
 
 
 
                                                                                        
4. Conclusion 
We tested the several LC resonant circuits with 139 to 1500 turns coils made from copper wires of 0.2, 0.4, and 0.6 
mm in diameter to obtain the optimum configuration for the circuit coupled to the SQUID. The largest S/N of 11.9 
was obtained by the LC resonant circuit with 500 turns coil of 0.2 mm diameter wire. The quality factor and half width 
were 53.3 and 191 Hz with the coil, respectively. The quality factor and half width were expected to be improved in 
future. With the LC resonant circuit, The FID signals were measured in the frequency domain in the ULF SQUID-
NMR/MRI system using the LC resonance circuit and the permanent magnet. The S/N was improved slightly due to 
the resonant current induced in the circuit due to the coupling of BAC pulses. We were considering the solution for the 
problem now. 
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Fig. 4.  The free 
induction decay (FID) 
signals  in the frequency 
domain. (a) the results 
of without sample with 
the LC resonant circuit ; 
(b) the results of  a 
sample without the LC 
resonant circuit; (c) the 
results of  a sample with 
the LC resonant circuit. 
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